Summary: The objective of the study was to explore whether hypoglycemic brain damage is affected by super imposed acidosis. To that end, animals with insulin induced hypoglycemic coma, defined in terms of a nega tive DC potential shift, massive release of K + , or cellular uptake of Ca 2 +, were exposed to excessive hypercapnia (P aco2 -200 or -300 mm Hg) during the last 25 min of the 30-min coma period. Animals were allowed to survive for 7 days before their brains were fixed by perfusion, and the cell damage was assessed by light microscopy. Other animals were analyzed with respect to changes in extra cellular pH (pHe) or extracellular K + or Ca 2 + concentra tions (K + e and Ca 2 + e' respectively). The total CO2 con tent (Tco2) was also measured to allow derivation of in tracellular pH (pHj). The increase in Paco2 to 190 ± 15 and 312 ± 23 mm Hg (means ± SD) reduced the pHe from a predepolarization value of -7.4 and a postdepolariza tion value (after the first 5 min of coma) of -7.3 to 6.8 and
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The effect of acidosis on ischemic/anoxic brain damage is controversial, and published results are, at least in part, conflicting. Preischemic hypergly cemia is known to aggravate damage due to tran sient global or forebrain ischemia (for recent re views, see Siesjo, 1988a; Siesjo et aI., 1993) . The aggravation correlates to an exaggeration of extra and intracellular acidosis (Smith et aI., 1986; Chopp et aI., 1988) . However, if hyperglycemia aggravates damage by enhancing tissue acidosis, one has to postulate a critical pH of about 6.0-6.4 (see Kraig et aI., 1985; Smith et aI., 1986) .
mM. Normocapnic animals with induced hypoglycemic coma of 30-min duration showed the expected neuronal lesions in the neocortex, hippocampus, and caudoputa men. Hypercapnia clearly aggravated this damage, par ticularly in the caudoputamen, subiculum, and CAl re gion of the hippocampus, and caused additional damage to cells in the CA3 region and piriform cortex. A rise in CO2 tension from -200 to 300 mm Hg did not further aggravate the damage. The results thus demonstrate that relative moderate acidosis aggravates damage that is be lieved to be mostly neuronal, sparing glia cells and vas cular tissue. Key Words: Acidosis-Brain-Calcium Damage-Hypoglycemic coma-Rat.
Results obtained in vitro add to the complexity of the problem since they have demonstrated a protec tive effect of acidosis. Data on isolated neurons re veal that a lowering of the extracellular pH (pHe) reduces calcium currents through N-methyl-D aspartate (NMDA) receptor-gated channels (Tang et aI., 1990; Traynelis and Cull-Candy, 1990; Vyk licky et aI., 1990) . Enhanced calcium influx through such channels is considered a potential threat to cell viability (Rothman and Olney, 1987; Choi, 1988; Meldrum and Garthwaite, 1990; Tymianski et aI., 1993) . Consistent with this idea are results showing that a lowering of pHe in vitro reduces 45Ca 2 + ac cumulation and protects neurons against the detri mental effects of glutamate exposure and anoxia (Giffard et aI., 1990; Tombaugh and Sapolsky, 1990) . Such results have led some to postulate that so-called excitotoxic damage is ameliorated by ac idosis, but the question remains why in vivo and in vitro results differ (Tombaugh and Sapolsky, 1993) .
Recent results cast new light on this problem. Thus, the rate of Ca 2 + influx during ischemia, as assessed by measurements of the extracellular cal cium concentration Ca 2 + e' is decreased similarly by preischemic hyperglycemia, by marked hypercap nia, and by administration of MK-801, a noncom petitive NMDA antagonist (Kristian et aI. , 1994) . These results thus suggest that acidosis in vivo af fects Ca 2 + influx as it does in vitro. However, ac idosis in vivo aggravates damage, whether caused by preischemic hyperglycemia or by superimposed hypercapnia (Katsura et aI. , 1994) . The objective of the present work was to assess how acidosis affects neuronal damage in a nonischemic situation. To that end, hypoglycemic coma of 30-min duration was induced in anesthetized rats, and cell damage was assessed after 7 days of recovery (for a review of the literature, see Auer and Siesj6, 1988) . Addi tional groups were exposed to hypercapnia (PaC0 2 ' �200 and 300 mm Hg, respectively) 5 min after hy poglycemic depolarisation, to induce acidosis. The degree of acidosis attained was assessed by mea surement of pHe' as well as by derivation of intra cellular pH (pHj), and the duration of the calcium transient was estimated from recordings of Ca 2 + e'
MATERIALS AND METHODS
Male Wistar rats (300-340 g) were fasted overnight with free access to tap water. The rats were anesthetized with 3% halothane and were intubated and artificially venti lated with 1.5% halothane in NzOIOz (70:30) during sur gery. Before anesthesia, insulin at a dose of 2 IU . kg -1 (Actrapid; Novo Industri A/S Denmark) was injected in traperitoneally. A tail artery catheter was inserted for mean arterial blood pressure (MABP) measurement, and a tail vein was cannulated for muscle relaxant (Norcuron; Organ Teknika, Boxtel, The Netherlands) and 10% glu cose infusion. A central venous catheter (CYC) was in serted via a jugular vein for MABP control, and a crani otomy � 2 mm in outer diameter was placed over the right frontoparietal cortex for measurement of pHe' extracel lular potassium concentration (K + e), or Ca z + e with ion selective microelectrodes (ISMs). To avoid loss of COz, the craniotomy was covered with paraffin oil during hy percapnia when ISMs were used. After the operation was completed the animals were placed on a plastic table, their heads were mechanically stabilized, and the ISM was inserted into the parietal cortex to a depth of 700 jl.m. Body temperature was maintained at close to 37°C. In normocapnic animals the halothane concentration was maintained at a 0.3-0.5% level. In the hypercapnic groups, the halothane concentration was reduced to 0.1 % after the onset of hypercapnia.
Experimental procedures
Animals were divided into the following groups. In one control group the animals were injected with insulin and subjected to a 30-min period of hypoglycemic coma. At the end of this period, glucose was infused and the rats were allowed 7 days of recovery for histological exami nation (Auer et aI., 1984a) . The animals in the other con trol group were not injected with insulin, but hypercapnia (PaCOZ' 300 mm Hg) was induced for a 25-min period. Following 1 week of recovery brains were studied histo pathologically.
In two other groups of animals a 30-min period of hy poglycemic coma was induced, counted from the time of depolarization, as recorded by the ISMs. Five minutes after hypoglycemic depolarization the animals were made hypercapnic by ventilation with a gas mixture of the fol lowing composition: 27.5% COz, 27.5% 0z, and 45% Nz (hypercapnic group I) or 45% COz, 30% 0z, and 25% Nz (hypercapnic group 11), which gave a PaCOZ of �2oo and 300 mm Hg, respectively. The blood pressure was main tained during hypoglycemic coma at � 130 mm Hg (see Auer et aI., 1984a) . After 30 min of coma, recovery was induced by intravenous infusion of 10% glucose (5-6 mI· h -1 ) , and the COz tension was simultaneously re duced to normal.
Another group of animals was prepared for freezing the brain in situ with liquid nitrogen (Ponten et aI., 1973 ) after a lO-min period of superimposed hypercapnia, following 5 min of hypoglycemic coma. The brains were then chis eled out and stored at -80°C. Cortical tissue was subse quently analyzed for total COz (Tcoz) content (Ponten and Siesj6, 1964) .
Some animals were SUbjected to hypercapnia before the onset of hypoglycemic coma (5-20 min; n = 3). There was no change in Ca z + e level during the hypercapnic con dition until the cells depolarized (data not shown). These animals were not taken into account because of the large variability in the time period between the onset of hyper capnia and hypoglycemic coma. The procedure was changed as described above.
Microelectrode recording
The methods of ISM construction and calibration have been described elsewhere (Katsura et aI., 1992; Kristhin et aI., 1993) . Briefly, the ISMs were pulled from two aligned glass capillaries, one barrel was silanized with dimethyldichlorosilane vapor, and then the ISMs were baked in an oven at 100°C. The tip of the micropipette was broken to a total tip diameter of 2--4 jl.m. The ion selective barrel was backfilled with 100 mM CaClz for Ca z + e' 150 mM KCl for K + e' and 50 mM Tris-HCI (pH 7.0) for pHe measurement, and then the tip was filled with ionophore. The ionophore cocktails used for ISMs were calcium ionophore I (cocktail A), potassium ionophore I (cocktail B), and hydrogen ionophore I (cocktail A), all obtained from Fluka (Buchs, Switzerland). The reference barrel was filled with 150 mM NaCI solution. The ISMs were calibrated at 37°C. The calcium-sensitive microelec trodes were calibrated in solutions with a concentration range of Ca z + from 5 to 0.01 mM, and the potassium ISMs were calibrated in solutions with 2 to 50 mM KCI in 150 mM NaCI. The pH microelectrodes were calibrated in phosphate buffers (pH 7.4, 6.9, 6.4) and then in artificial cerebrospinal fluid bubbled with 25% COz (see Katsura et aI., 1991) . The ISMs for K+ e and pHe measurement showed a slope of 52-56 mY, and the ISMs for Ca 2 + e measurement gave a 27-to 30-mY response to a 10-fold change in calcium concentration.
Calculation of pHi
pHi was calculated from Tco2, tissue Pco2 (Ptco2), and pHe (Siesj6 et aI., 1972; Katsura et aI., 1992) . PtCOZ was assumed to exceed P aco2 by 3 mm Hg in hypercapnic groups (Ponten and Siesj6, 1966) . The extracellular space volume was assumed to be reduced to 10% during hypo glycemic coma (Pelligrino et aI., 1981) .
Histopathology
After 7 days of recovery the animals were perfusion fixed with 4% phosphate-buffered formaldehyde and the brains were prepared for light microscopy evaluation (Auer et aI., 1984a) . Structures examined were the cau doputamen at the level of the bregma, the neocortex, and th� hippocampus at the bregma -3.8 mm. The percent age of damaged area was estimated in caudoputamen, the number of dead cells was counted to parietal and piriform cortex, and the number of living cells was estimated in hippocampus (in whole CAl, subiculum, CA3, and den tate gyrus) in one section in both hemispheres. The extent of damage was evaluated in a blinded fashion.
Statistics
For statistical analysis of histological data the Kruskal Wallis test followed by the Mann-Whitney U test was used. The electrophysiological data were analyzed by analysis of variance (ANOY A) with a post hoc Scheffe's test. Yalues are expressed as mean ± SD.
RESULTS
The physiological variables and plasma glucose concentration are shown in Table I . When animals went into hypoglycemic coma, their plasma glucose concentration was � 1.0 mM; after 30 min of hypo glycemic coma their glucose concentration was 0.3-0.6 mM. In the two groups with superimposed hy percapnia, Paco 2 rose to 190 ± 15 and 312 ± 23 mm Hg, respectively, with a corresponding decrease in pH (see Table 1 ). In the hypercapnic group without hypoglycemic coma Paco 2 was 285 ± 15 mm Hg. Figure 1 illustrates that hypoglycemic coma, as defined in the present study, encompassed a sudden negative shift in DC potential and a rise in extracel lular K + concentration (cf. Pelligrino et aI. , 1982) . After 5 min of coma, hypercapnia was induced (PaC0 2 ' �300 mm Hg). This led to a partial recovery of DC potential but to no change in K + e from a value of �50 mM (n = 4; two in either hypercapnic group).
Changes in K+ e' Ca 2 + e' and pHe Hypoglycemic coma, and the superimposed hy percapnia, gave rise to distinct changes in K + e' negative shift in DC potential occurred, K + e rose rapidly, from an initial value of -3 mM to a level of -60 mM. Follow ing a 5-min period of hypoglycemic coma, hypercapnia was induced, which caused a partial recovery of DC potential but no change in K + e' The arrow indicates the onset of hyper capnia. The double bars indicate a break in the traces from 10 to 25 min of hypoglycemic coma.
Ca 2 + e' and pHe. As shown in Fig. 2 the sudden shift in DC potential and K + e during the onset of coma was accompanied by rapid acid-alkaline shifts in pHe' followed by a sustained reduction in pHe by �0.15 U. This extracellular acidification has been reported before (Bengtsson et aI. , 1990) and con trasts with the unchanged or increased pHj (Pelli grino et aI. , 1981). When hypercapnia was induced (Paco 2 , �300 mm Hg), pHe fell to about 6.7 and then rose slowly. Changes in Ca2+ e following the onset of coma were as expected, i. e. , Ca 2 + e fell to values < 10% of control (0.05 ± 0.02 mM; n = 13), reflecting uptake of calcium by cells (see Harris et aI. , 1984; Wieloch et aI. , 1984; Kristilin et aI. , 1993) . However, when hypercapnia was induced, Ca 2 + e rose to 0.14 ± 0.06 mM (n = 13). Figure 3 illustrates changes in Ca2+ e following the first 5 min of hypoglycemic coma in all animals studied (n = 17). In hypercapnic animals the Ca 2 + e rose somewhat after the onset of hypercapnia, while in the normocapnic group there was a further and Ca 2+ e in rat cortex at the beginning of hypoglycemic coma and during hypercapnia induced 5 min after hypoglycemic depolar-6.8
ization of cells. Cell depolarization was accompanied by a fall in pHe from -7.4 to 7.25, and a rapid decrease in Ca 2+ e' to <0.1 mM.
6.6
Hypercapnia (PaC0 2 ' -300 mm Hg) induced 5 min later (indicated by arrows) gave rise to an additional acidification to pHe values of -6.6-6.7 and caused an increase in Ca 2 + e from -0.05 to 0.1 mM. There was a tendency for pHe to increase and for Ca 2+ e to decrease to �200 mm Hg reduced pHe to �6.8, i.e., by an additional 0.4 U, while a further rise in Pac0 2 , to �300 mm Hg, de creased pHe to �6. 7. In both groups, pHe tended to increase somewhat with time. 
Histopathology
Animals with 30 min of hypoglycemic coma, as defined from the duration of the DC potential shift, were allowed 7 days of recovery before histopath ological analysis. The results are illustrated in Figs. 5-9. Representative histological photomicrographs from cortex, caudoputamen, and hippocampus (CA3) are shown in Figs. 5-7.
The normocapnic hypoglycemic group showed the expected extent of damage in parietal cortex (layers 2 and 3), caudoputamen, and hippocampus. The results demonstrate that the hypercapnic ani mals showed additional damage in layers 4,5, and 6 of the parietal cortex (four and three animals in hy percapnic group I and group II, respectively); fur thermore, necrotic neurons were found in piriform cortex (Fig. 5) . In most of the animals (four of six in group I, all in group II) the damage in the caudo putamen was transformed into one of pannecrotic destruction of all cells involving 20-40% of the nu cleus. In a few animals, aggregates of perivascular erythrocytes were found, suggesting a vascular le sion (Fig. 6 ). There were almost no living cells in the subiculum and CAl region of the hippocampus and, not infrequently, damaged cells in the CA3 re gion (Fig. 7) . Figures 8 and 9 summarize the histo logical scores in normocapnic and hypercapnic rats (groups I and II). The data demonstrate that hyper capnic animals had significantly more brain damage than normocapnic ones, particularly in the caudo putamen and in the subiculum and CAl regions of the hippocampus. Notably, in hypercapnic animals damage also affected cells in the piriform cortex and the CA3 sector of the hippocampus. There was no significant difference in damage to the dentate gyrus between the groups. A rise in CO2 tension from 200 to 300 mm Hg did not further aggravate the damage. At first sight, this is surprising since an increase in Pco2 from 200 to � 300 mm Hg further reduced pHe and pHi' However, the differences in pH values were so moderate that differences in histopatholog ical outcome, if any, must be difficult to resolve.
Normoglycemic animals subjected to a 25-min period of hypercapnia (P aco2' �300 mm Hg) showed no damaged cells.
DISCUSSION
The present results demonstrate that superim posed hypercapnia aggravates hypoglycemic brain damage. It seems very likely that this aggravation is secondary to the reduction in pHe (and pHi) in the energy-compromised tissue. Thus, a reduction in pHe/pHi due to excessive hypercapnia does not cause brain damage in normoglycemic animals (Co hen et aI., 1990; this article). However, the results of the present study raise a number of questions pertinent to the basic issues at stage. These can conveniently be discussed under three headings.
Influence of acidosis on selective neuronal vulnerability
Hypoglycemic coma gives rise to a purely neuro nal lesion, which takes the form of selective neuro nal vulnerabilty, affecting areas such as the neo cortex (layers 2-3), the hippocampus (neurons in subiculum, and the CAl region and granule cells at the crest of the dentate gyrus), as well as in the dorsolateral crescent of the caudoputamen (Auer et aI., 1984a,b; Auer and Siesj6, 1988) . Thus, even if the neuronal lesions become very pronounced, as they do after 60 min of hypoglycemic coma, infarc tion does not develop, i.e., the lesions spare glia cells and vascular tissue (Auer and Siesj6, 1988) . Hypercapnia and the accompanying decrease in pHe/pHi clearly aggravate this typical neuronal le sion. It has been suggested previously that the ef fect of hyperglycemia/acidosis on ischemic damage is exerted mainly on glial cells and vascular tissue, transforming selective neuronal vulnerability into infarction (Plum, 1983; Siesj6, 1988a; Siesj6 et aI., 1993) . The present results demonstrate that, al though hypoglycemia gives rise to a "nonvascular" lesion, this lesion is aggravated by hypercapnic ac idosis and transformed into infarction only in the caudoputamen. The results suggest that the effects of exaggerated acidosis are exerted on mechanisms acting preferentially at the neuronal level. How ever, it remains to be clarified why in the caudop utamen vessels also seemed to incur damage in hy percapnic animals and why pannecrosis occurred only in the caudoputamen and not in the neocortex as in ischemic animals. It seems very unlikely that the pannecrotic lesions preferently observed in the caudoputamen were due to a reduction in blood flow, i.e., ischemia. Thus, hypoglycemic coma is accompanied by increased blood flow rates (Abdul- Photomicrographs showing neuronal necrosis in a rat subjected to normocapnic (left) and hypercapnic (P aco2. -300 mm Hg; right) hypoglycemic coma as evaluated after 7 days of recovery. In the normocapnic animal there was the expected extent of neuronal damage in the parietal cortex (A) (layers 2 and 3). In the hypercapnic animal (8) there were damaged neurons also in layers 4 and 5 (arrows) and also damage to neurons in the piriform cortex (0). This damage was not observed after normo capnic hypoglycemic coma (C). Rahman et aI., 1980; Siesjo et aI., 1983) . Further more, when blood flow is reduced by induced hy potension, flow rates in most structures are re duced; yet neuronal necrosis is not enhanced, and pannecrosis is not observed (Auer et aI., 1986) . It seems more likely, therefore, that the pannecrotic lesions in the caudoputamen are somehow related to the reduction in pH.
As stated in the introductory section, acidosis protects neurons in vitro against damage incurred by glutamate exposure or anoxia. This effect was originally assumed to reflect the effect of acidosis on calcium influx through NMDA receptor-gated channels. A recent article discusses the possibility that extracellular acidosis has effects that extend beyond that exerted on Ca 2 + influx (Kaku et aI., 1993) . Whatever the explanation for the effects ob served in vitro, it is clear that the in vivo results are conflicting. Very convincing evidence exists that hyperglycemia aggravates damage due to transient ischemia and that this effect is related to the accen tuation of tissue acidosis. The present results pro vide additional support for the notion that acidosis is an aggravating factor in the pathogenesis of brain damage. The possibility must obviously be dis cussed that the in vitro results do not duplicate con ditions in vivo. The concept of a critical pH level Another notable result was that aggravation of damage occurred at pHe values of 6.7-6.8 and pHi values of 6.5-6.7. In normoglycemic animals sub jected to 10-20 min of transient forebrain ischemia, the typical lesion is selective neuronal necrosis (Pulsinelli et aI., 1982a; Smith et aI., 1984; Diemer and Siemkowicz, 1981) . In such animals pHe falls to �6.8, and pHi to values of �6.5 (Kraig et aI., 1986; Von Hanwehr et aI., 1986) . Animals made hyper glycemic prior to ischemia, which suffer panne crotic lesions (Petito et aI., 1982; Pulsinelli et aI., 1982b; Smith et aI., 1988) , have a more pronounced reduction in pHe/pHi (Kraig et aI., 1985; Smith et aI., 1986; Katsura et aI., 1992) . On the basis of such results, it has been discussed whether a critical pH level exists at pH values of �6.2. The present re sults obviously do not provide support for this no tion. Thus, at least when one considers neuronal lesions, exaggeration of damage occurred at higher pH values. As a speculative possibility, if a critical pH exists at values of �6. 2, this could be .critical for the involvement of glia cells and vascular tissue. Recent results support such a contention (Katsura et aI., 1994) . Thus, added hypercapnia aggravates ischemic damage in normoglycemic subjects, giving rise to more frequent pannecrotic lesions than were observed in our hypoglycemic subjects. Unfortu nately, we have no data on pHe/pHi in the caudo putamen, in which pannecrotic lesions were ob served in the present study. Further data are needed to clarify this issue. mean values. In all areas in hy-E percapnic group I, damage was {l significantly worse than in the b control group (**p < 0.01, Mann-� Whitney U test). In hypercapnic group II, damage was signifi cantly exaggerated in the cau doputamen and piriform cortex (*p < 0.05, Mann-Whitney U test). Neuronal lesions have been assumed to be cal cium related (Choi, 1988; Siesj6, 1988b Siesj6, , 1991 and cellular uptake of calcium, can aggravate dam age by an effect on cell calcium metabolism. The present data demonstrate that hypercapnia leads to a rise in Ca 2 + e' i. e. , to a change in cell calcium metabolism during hypoglycemic coma of the same type as observed with superimposed ischemia (Kristian et aI. , 1993) . Unfortunately, this change in Ca 2 + e cannot be readily interpreted in terms of changes in Ca 2 + i' Thus, a rise in Ca2+ e either could reflect a more efficient extrusion of calcium from cells, perhaps because the lowering of pHe reduces calcium influx into cells (see the introductory sec tion), or could signify a rise in Ca 2 + i that is then passively reflected in the extracellular fluids. If so, the rise in Ca 2 + i could be secondary to release of Ca 2 + from intracellular binding or sequestration sites by the raised concentration of H + (Ou Yang et aI. , 1994) . We believe that this rise in Ca 2 + e is not due to the change in extracellular volume since the K + e level was not affected by hypercapnia. It seems highly justified that Ca 2 + i is measured under the conditions of the present experiments. In summary, the present results demonstrate that induction of acidosis by superimposed hypercapnia aggravates the neuronal damage incurred as a result of hypoglycemic coma. The aggravation comprised selective neuronal damage, which is usually ob served after hypoglycemic coma, and damage to glia cells or vascular tissue was not observed except in the caudoputamen. The effects were observed at pHe values of 6.7-6. 8, i. e. , at values much higher than those usually considered dramatically to aggra vate brain damage due to transient ischemia. In the ory, the aggravation of neuronal necrosis could be secondary to a further perturbation of cell calcium metabolism or to enhancement of free radical pro duction. It remains to be shown which of these mechanisms is responsible for the effects observed. 
